phosphorus, were unable to produce repressible cyclic phosphodiesterase. The wild type (74A) and a heterocaryon between strains Al and Bi produced the enzyme and showed growth on orthophosphate-free media containing cyclic 2',3'-AMP or cyclic 3',5'-AMP, whereas both mutants showed little or no growth on these media.
In wild-type Neurospora crassa, the production of more than 10 orthophosphate-repressible enzymes, including nucleases, phosphatases, and permeases, has been reported. The nucleases produced extracellularly are ribonuclease Ni (9) and an acid and alkaline nuclease (5) , and the nucleases produced intracellularly are ribonuclease N3 and at least three other types of nucleases (7) . Acid phosphatase (12, 16, 20) and alkaline phosphatase (14, 15, 19) are produced both intra-and extracellularly (6, 21, 22) . 5 '-Nucleotidase is found in culture medium (8) . oPhosphoryl ethanolamine permease is reported to be repressible (14) . All of these repressible enzymes are either not produced or are produced in significantly reduced amounts in mutant strains Al (nuc-l) and Bi (nuc-2), which were originally isolated by their inability to utilize RNA or DNA as their sole source of phosphorus or purine (11) .
In mycelial culture filtrates of the wild type grown in low-phosphate media, large amounts of ribonuclease Ni (9) and alkaline phosphatase (8) are present. Although ribonuclease Ni hydrolyzes RNA leaving cyclic 2',3 '-GMP at the 3' ends, it has very low activity in hydrolyzing cyclic 2',3'-GMP to 3'-GMP (9) . Furthermore, alkaline phosphatase possesses no ability to hydrolyze cyclic 2',3'-GMP. Nevertheless, orthophosphate is rapidly released from RNA when the culture filtrate of wild-type mycelia grown in low-phosphate media is incubated with RNA (8) . From this, the ability of repressible phosphodiesterase to hydrolyze cyclic 2',3'-GMP was deduced.
In this paper, I report the existence of two molecular species of a repressible cyclic phosphodiesterase (cPDase) released into mycelial culture media of wild-type N. crassa. These enzymes were found to be monomeric and polymeric forms of repressible acid phosphatase.
MATERIALS AND METHODS
Strains. Strains used were the wild type, strain 74A, the nuc-I mutant Al, the nuc-2 mutant Bi, and the double mutant AlBl. The isolation method and characteristics of nuc-l and nuc-2 were as described by Ishikawa et al. (11) .
Media. Fries minimal medium (1) was used as a high-phosphate medium. Phosphate-free media were prepared by substituting KH2PO4 for KCI (11 Bi had partial restoration of these activities. Although phosphodiesterase activity with bis-pnitrophenyl phosphate was unaffected by the dialysis of culture filtrate, cPDase activity with cyclic 2',3'-and cyclic 3'5'-AMP was activated 1.1, and 3.2-fold, respectively.
The growth characteristics of the wild type, nuc-l mutant Al, nuc-2 mutant Bi, and the double mutant AlBl in orthophosphate-free media with cyclic 2',3'-AMP and cyclic 3',5'-AMP in high-and low-phosphate media were examined ( Table 2 ). Although the wild type grew on orthophosphate-free media with cyclic 2',3'-AMP and cyclic 3',5'-AMP, mutant strains Al, Bi, and AlBl showed no or limited growth. The Bi (nuc-2) strain showed a trace amount of growth in orthophosphate-free media with cyclic 2',3'-AMP. The heterocaryon Al + Bi grew on these media.
Purification and identification of the enzyme. Culture filtrates of mycelia from wild-type and Al (nuc-1) strains grown in low-phosphate media were processed as described above. Gel filtration of the ammonium sulfate precipitate of culture filtrate through Sephadex G-100 is illustrated in Fig. 1 . In the enzyme preparation from the wild type ( Fig. la) there are two peaks (fractions 51 to 64 and 80 to 104), which show both cyclic 2',3'-AMP and cyclic 3',5'-AMP phosphodiesterase activities in addition to activity for bis-p-nitrophenyl phosphate. A previously reported acid phosphatase (21) corresponds to the activity for bis-p-nitrophenyl phosphate in the second fraction. The first fraction, which also contained cyclic 2',3'-AMP, cyclic 3',5'-AMP, and nonspecific (bis-p-nitrophenyl phosphate substrate) phosphodiesterase activities, has not been reported before. Reduced amounts of these activities could be observed in the enzyme preparation from strain Al (Fig. lb) . To establish an enzyme-protein relationship, the proteins in every two fractions around the two enzyme peak fractions (fractions 52 to 70 and 76 to 94) from wild-type and Al strains were analyzed by SDS-polyacrylamide gel electrophoresis (Fig. 2) , and both peak fractions from the wild type showed protein bands with the same mobility as repressible acid phosphatase (Fig. 2a  and b) . The density of the protein band was proportional to the activity for repressible cPDase. Little or no protein corresponding to repressible acid phosphatase was observed in the fractions from strain Al (Fig. 2c and d) Fig. la . Proteins precipitated with ammonium sulfate as described above were subjected to gel filtration through a TSK-gel (Toyopearl HW-60 superfine) column which resolves well proteins with molecular weights higher than 100,000.
The results shown in Fig. 3 indicate that both fractions I and II contain enzymes eluted to the same position as repressible acid phosphatase (fractions 38 to 42) and molecules with faster elution positions which retain original molecular weights. The enzyme with a higher molecular weight from fraction I was eluted faster than that from fraction II, and the latter fraction was found to contain nucleotidase activity. Fraction II, however, contained a small amount of protein with the same mobility as repressible cPDase when the proteins in the fraction were analyzed by SDS-polyacrylamide gel electrophoresis (Fig. 4b) . Therefore, further work is required to determine whether this fraction contains a new species of cyclic phosphodiesterase.
Proteins in fractions with cPDase activity were also analyzed by SDS-polyacrylamide gel electrophoresis (Fig. 4) . Both peak fractions with repressible cPDase activity from fraction I contained a protein with the same mobility as repressible acid phosphatase (Fig. 4a) , and the density of the protein band was proportional to the cPDase activity. The two prominent proteins specifically produced in the wild type under orthophosphate-limited condition were eluted between the two enzyme peak fractions and separated from repressible cPDase (Fig. 4b) . Enzyme characteristics. The repressible cPDase was estimated from the mobility in SDSpolyacrylamide gel electrophoresis to have a molecular weight of 50,000 (Fig. 5) , which corresponds to the subunit of repressible acid phosphatase (12 purified monomer enzyme samples from a TSK-2',3'-nucleotides. Of these, cyclic 2',3'-UMP gel fraction (fractions 39 to 42) from fractions I, was most efficiently hydrolyzed. Certain 5'-and II, and III. As shown in Fig. 6 , the pH optima of 3'-nucleotides were not hydrolyzed. 3 phosphate, glucose-6-phosphate, fructose-6-Hydrolytic activities of the enzymes from phosphate, p-glycerophosphate, or three fractions for cyclic 3',5'-AMP were slight-pyrophosphate was hydrolyzed (Table 3) . Ally activated by 10-2 M MnC12, but other divalent most parallel results, except for the hydrolytic cations tested and EDTA had almost no effect. activity for p-nitrophenyl phosphate, were obHydrolytic activities for cyclic 2',3'-AMP were tamned among these enzyme fractions, supportgreatly activated by MnCl2, activated by CoC12, ing the idea that they are derived from a single but inhibited by ZnCl2. Other divalent cations enzyme. Since repressible acid phosphatase is tested and EDTA had almost no effect.
reported to have no hydrolytic activity toward Substrate specificities of the monomer en-phosphomonoester compounds including 3'-and zymes from fractions I, II, and III were com-5'-nucleotides (18) , these results are consistent pared to confirm the identity of the enzymes in with the reported results except for the hydrolytthese fractions. The enzymes from the three ic activity toward 3'-GMP and 3'-CMP. Based fractions hydrolyzed cyclic 3',5'-and cyclic on these enzymatic characteristics, including Fig. 1 were pooled, and proteins precipitated with ammonium sulfate were processed as described in the text. Symbols are the same as those described in the legend to Fig. 1. substrate specificities, repressible acid phosphatase is identical to repressible cPDase. DISCUSSION Intracellular cyclic AMP phosphodiesterase has been reported in N. crassa (24) . Its activity is particulate, and it has a pH optimum of 7.4 and consists of two forms that have different cyclic 3',5'-AMP binding constants. Since repressible cPDase shows no enzymatic activity at pH 7.4 and is relatively insensitive to EDTA, it must be different from the previously reported enzyme. In Aspergillus niger there appear to be two distinct cyclic 3',5'-AMP phosphodiesterases (29) . One is intracellular with a pH optimum of 7.5, and the other is extracellular with a pH optimum of 3.5. The extracellular enzyme of A. niger is very similar to the repressible cPDase in N. crassa.
The small shoulder observed around fraction number 44 in Fig. 4a and b may result from degradation of repressible cPDase associated with the decomposition of polymer enzyme to monomer enzyme, although there should be almost no proteinase activity under the present culture conditions (2). Both peak fractions, (fraction number 40 in Fig. 4a and b ) contain smaller proteins (Fig. 5a and b, lane j) . Some part of protein may be released from native protein, although the possibility that these are contaminating proteins cannot be excluded. Monomer enzymes from fraction I contain almost no hydrolyzing activity for p-nitrophenyl phosphate. It is possible to postulate that modification of the enzymes, such as the breakage of a peptide bond in the native monomer enzyme, may be responsible for this result. In the Saccharomyces cerevisiae model, the formation of alkaline phosphatase is controlled through the processing of proenzyme by proteinase, which is regulated by PEP4 (10) .
Since repressible cPDase has been identified to be repressible acid phosphatase, intracellular localization of it is unquestionable (2). The intra-,chymotrypsinogen A 1 5 10 50 10 4 Mol wt
Estimation of molecular weight of subunits of repressible cPDase by SDS-polyacrylamide slab gel electrophoresis. Gamma globulins (molecular weight, 160,000), albumin (molecular weight, 67,000), and chymotrypsinogen A (molecular weight, 25,000) were used as the references for molecular weights as shown in Fig. 2 . cellular level of cyclic 3',5'-AMP is controlled by the relative activities of adenylate cyclase and cyclic AMP phosphodiesterase. In N. crassa, the presence of a membrane-bound adenylate cyclase has been demonstrated (3). A morphological cr-i mutant was found to have only 2 to 3% specific activity of adenylate cyclase in strains harboring the wild-type cr-l+ allele (26) . The mutant shows early uniform conidiation over an agar surface. Both cyclic 3',5'-AMP levels and cyclic 3',5'-GMP levels found in cr-i mycelia are lower than those found in wild-type mycelia (23) . It appears that intracellular levels of cyclic 3',5'-AMP and cyclic 3',5'-GMP are responsible for the differentiation of conidia (23, 27) . This was also studied by the exogenous addition of cyclic 3',5'-AMP and dibutyryl cyclic 3',5'-AMP or by the addition of inhibitors for cyclic AMP phosphodiesterase, such as caffeine or theophylline, to the culture media (27 Since purified enzyme loses its activity even at O0C, the specific activities given are relatively low.
Percentage of activities for hydrolysis of cyclic 3',5'-AMP. d PNPP, p-nitrophenyl phosphate. enzyme is produced constitutively, but the rate of production is accelerated under phosphoruslimited conditions (9) .
Standing cultures of the wild-type strain grown in phosphorus-limited liquid media produce luxuriant conidia. However, mutant strains Al and B1, which cannot derepress repressible cPDase, produce few or no conidia (unpublished data), consistent with the idea that intracellular levels of cyclic 3',5'-AMP and cyclic 3',5'-GMP are reduced in wild-type mycelia grown in phosphorus-limited media.
An investigation of the intracellular levels of low-molecular-weight phosphorus compounds is necessary to detect the effector for the derepression of repressible enzymes. Stellwag et al. (25) reported pyrophosphate to be one of the candidates. The identity of this effector is important in understanding the regulatory mechanism. The work, however, will be very difficult because the derepressed enzymes will, in turn, affect the levels of various low-molecular-weight phosphorus compounds. The application of null mutants with altered amounts of the effector or altered sensitivity to it will be necessary for a successful result.
Repressible acid phosphatase is reported to be derepressed about eightfold under nitrogen-deficient conditions (4) , and N.. crassa is known to be introduced into the sexual cycle under nitrogen-limited conditions (28) . Based on these results, repressible cPDase may be necessary for asexual conidium formation under phosphorusdeficient conditions and may also be necessary for sexual reproduction under nitrogen-limited conditions by reducing intracellular cyclic nucleotides. Thus, I suggest that repressible cPDase is an enzyme which regulates the life cycle of N.
crassa.
